Recent advances in distance-based protein folding have led to a paradigm shift in protein structure prediction. Through sufficiently precise estimation of the inter-residue distance matrix for a protein sequence, it is now feasible to predict the correct folds for new proteins much more accurately than ever before. Despite the exciting progress, a dedicated visualization system that can dynamically capture the distance-based folding process is still lacking. Most molecular visualizers typically provide only a static view of a folded protein conformation, but do not capture the folding process. Even among the selected few graphical interfaces that do adopt a dynamic perspective, none of them are distance-based. Here we present PolyFold, an interactive visual simulator for dynamically capturing the distance-based protein folding process through real-time rendering of a distance matrix and its compatible spatial conformation as it folds in an intuitive and easy-to-use interface. PolyFold integrates highly convergent stochastic optimization algorithms with on-demand customizations and interactive manipulations to maximally satisfy the geometric constraints imposed by a distance matrix. PolyFold is capable of simulating the complex process of protein folding even on modest personal computers, thus making it accessible to the general public for fostering citizen science. Availability and implementation: Open source code of PolyFold is freely available for download at
Introduction
Computational protein structure prediction has witnessed remarkable progress in the recent past due to advances in folding new proteins from scratch using sufficiently accurate estimation of the inter-residue distance matrix (Abriata, et al., 2019) . A distance matrix encodes a protein's three-dimensional (3D) structure through inter-residue spatial proximity information that can be converted to physical constraints in order to drive the ab initio folding process with minimal conformational search. Consequently, distance-based protein folding has gained a lot of attention, fueling considerable research efforts (Greener, et al., 2019; Senior, et al., 2020; Xu, 2019) . However, the lack of a dedicated visualization system that can dynamically capture the distance-based folding process precludes the possibility of obtaining a visual understanding of its nature. Currently popular molecular visualization tools like PyMol and UCSF Chimera (DeLano, 2002; Pettersen, et al., 2004) typically provide only a static view of a folded protein conformation, but do not capture the folding process. Recent graphical interfaces such as the Py-Rosetta Toolkit (Adolf-Bryfogle and Dunbrack Jr, 2013) and Interac-tiveROSETTA (Schenkelberg and Bystroff, 2015) adopt dynamic perspectives, but they are built exclusively for the ROSETTA molecular modeling suite (Leaver-Fay, et al., 2011) . ROSETTA primarily relies on a fragment-based approach for protein folding as opposed to a distancebased paradigm. As such, InteractiveROSETTA has many sophisticated features, but it is not distance-based. A standalone visualizer that provides insights to distance-based folding for researchers is still lacking. Beyond the realm of expert-oriented visualization tools, the interactive graphical interface Foldit Standalone (Kleffner, et al., 2017) makes it possible for non-experts to manipulate protein structures in the context of the popular scientific discovery game Foldit (Cooper, et al., 2010) , which itself is based on ROSETTA and thus not distance-based. A dedicated distance-based visual folding simulator with a simple to use interface will not only provide a central platform for researchers to delve deeper into the folding process and gain critical insights, but will also make the latest technological advances in protein folding and molecular modeling easily accessible to non-experts, while still being scientifically accurate.
We have developed a brand-new standalone GUI called PolyFold for visually simulating the distance-based protein folding process. PolyFold provides several user-friendly controls for running powerful distance matrix optimization algorithms, including gradient descent and simulated annealing, with on-demand customization and interactive manipulations. Through real-time rendering of a live interaction map with smooth color ramping to capture the distance matrix alongside its compatible 3D conformation color-coded to highlight the secondary structural geometry, PolyFold makes it possible to dynamically view the folding process. Additionally, an interactive movement panel provides the ability to structurally manipulate the molecule. PolyFold does not require familiarity with protein biochemistry and presents an easy access to protein folding.
PolyFold features
The PolyFold GUI (Figure 1) consists of three main panels: a live interaction map panel for visualizing the target distance matrix (upper triangle) and the distance matrix currently realized (lower triangle) with realtime updates, a dynamic structural display panel rendering the 3D conformation of the protein molecule compatible with the current distance matrix, and a movement panel that permits users to interactively manipulate the molecule. The core of PolyFold is implemented in Java and the GUI controls make extensive use of the JavaFX application library. The code is cross-platform and builds and runs on macOS, Linux, and Windows. Pre-packaged binaries are also available for plug-and-play execution (see section 2 in Supplementary Document).
PolyFold includes two optimizers for distance-based folding: gradient descent and simulated annealing, the former operating in Cartesian space and the later in angular space. Users can launch interactive versions of both optimizers, which dynamically update the display as they run and can be cancelled. Cascaded runs which either alternate or repeat optimizers, such as the repeated gradient descent used in AlphaFold (Senior, et al., 2020) , are also possible. The parameters of both optimizers are fully configurable (see section 3.3 in Supplementary Document).
PolyFold's custom interactive manipulations have been specifically implemented for real-time manipulation of a molecule. Users are able to manipulate the molecular geometry in real-time with a simultaneous update to the live interaction map by selecting a residue and updating its pseudo planar and dihedral angles by dragging sliders. This feature can be particularly useful for multi-domain proteins by folding the fulllength structure via distance-based optimization and subsequently adjusting the relative domain orientations by manipulating the domain linkers.
PolyFold keeps track of a history of modified states for undoing, redoing, saving, loading, and restoring the molecule to an unfolded extended state during various stages of interactive manipulations or in-built optimizations. Structures can be translated, rotated, scaled, and auto-zoomed as needed (see section 3.1 and 3.2 in Supplementary Document).
A PolyFold session can be started by supplying a distance matrix in CASP RR format along with a secondary structure. Intermediate session states can be saved or restored to the extended state, and folded structures can be saved in PDB format with the correct chirality. While PolyFold can work for large proteins, reasonably sized structures (length < 500 residues) are currently supported for seamless rendering.
Outlook
PolyFold offers a real-time visual simulator for capturing the process of distance-based protein folding in a dynamic and interactive interface. PolyFold's fully configurable structural optimization and manipulation engine coupled with its easy-to-use intuitive graphical interface makes it accessible to both researchers and non-experts, enabling scientists to gain new insights into protein folding and facilitating broader participation.
